We have developed a microfluidic chip-based qualitative assay for sensitive (10 RNA copies) detection of multiple transcripts in single cells. We determined the expression patterns of 17 developmentally important genes and isoforms in individual mouse preimplantation embryos from superovulated matings and blastomeres. The ubiquitously expressed histone variant H3f3a and the transcription factor Pou5f1 generated mRNA-derived products in all analyzed (1-cell, 2-cell, 4-cell, and morula stage) embryos and in all analyzed blastomeres from 16-cell embryos, indicating a uniform reactivation of pluripotency gene expression during mouse preimplantation development. In contrast, mRNA expression of different methyltransferases for DNA methylation, methylcytosine-binding proteins for chromatin modification, and base excision repair enzymes, which may provide a mechanism for active demethylation, varied considerably between individual cells from the same embryo and even more dramatically between cells from different embryos. We conclude that at a given point in time the transcriptome encoding the reprogramming machinery and, by extrapolation, genome reprogramming differs between blastomeres. By studying the cell-to-cell variability in gene expression, we can distinguish the following two classes: mouse 16-cell embryos in which most cells express the reprogramming machinery and embryos in which most cells do not contain detectable mRNA levels of DNA and chromatin modification genes. Immunolocalization of DNMT3A, MBD3, APEX1, and LIG3 in most or all nuclei of 40-60-cell embryos is a good indicator of functional activity of genes that are activated by the 16-cell stage.
INTRODUCTION
Preimplantation development is characterized by dramatic cellular and molecular events, including fusion of the two haploid genomes, activation of the embryonic genome, restoration of pluripotency, and blastocyst formation. In mouse, human, and most other mammalian species, the paternal zygotic genome is actively demethylated within a few hours after fertilization, whereas the maternal genome is passively demethylated by a replication-dependent mechanism after the two-cell embryo stage [1, 2] . These genome-wide demethylation waves may have a role in epigenetic reprogramming of the genetically inactive sperm and egg chromatin for somatic development. The timing of establishment of somatic methylation patterns differs between species. In bovine embryos, considerable de novo methylation already occurs at the 8-to 16-cell stage, whereas in mouse embryos remethylation begins only in the blastocyst with the derivation of two different cell types. Disturbances of this highly coordinated reprogramming process may contribute to the high rate of developmental failure in mammals [3, 4] .
Genome reprogramming during preimplantation development must be regulated by maternal and/or embryonic expression of genes controlling DNA demethylation and remethylation, chromatin modification, and pluripotency. DNA cytosine-5-methyltransferases (DNMTs) are the enzymes that are responsible for establishment and maintenance of genomic methylation patterns [5] . Inactivation of Dnmt1, Dnmt3a, and Dnmt3b caused hypomethylation of the genome and embryonic lethality, indicating that these genes are essential for early mammalian development [6, 7] . DNMT1 has a high affinity for hemimethylated sites that are generated transiently during DNA replication and is largely responsible for maintaining methylation patterns throughout cell divisions. DNMT3A and DNMT3B are thought to function in de novo methylation [8, 9] . Dnmt3a [10] and Dnmt3b [11] encode multiple isoforms with developmental-stage and tissue-specific expression patterns. DNMT3L lacks the motifs for transmethylation processes but stimulates de novo methylation through direct interactions with DNMT3A and DNMT3B [12] . Considering the developmental dynamics of genomic DNA methylation and the small number of DNMT genes in the mammalian genome, it is plausible to assume that multiple gene variants and interactions increase the complexity of DNA methylation mechanisms.
MECP2, MBD1, MBD2, MBD3, and MBD4 comprise a family of nuclear proteins that are endowed with a 5-methylCpG-binding domain (MBD); with the exception of MBD3, all bind specifically to methylated DNA sequences [13] . They recruit repressor and chromatin-remodeling complexes to methylated DNA (i.e., promoters), causing gene silencing [14] . MBD2 has been reported to function as a demethylase [15] , but this could not be confirmed [16, 17] . Instead, active demethylation of nonreplicating DNA may be achieved by base excision repair (BER), an evolutionarily highly conserved mechanism for the repair of damaged DNA bases [18] . Type 1 DNA glycosylases remove modified (i.e., methylated) bases and leave an apurinic/apyrimidinic (AP) site, which is then cleaved by the AP endonuclease APEX1 (REF1) [19] . The DNA backbone at the AP site is subsequently repaired by DNA polymerase(s) and ligase(s). It is noteworthy that MBD4 also functions as a mismatch glycosylase [20, 21] .
Maternal cytoplasmic factors control active demethylation in the fertilized egg and can even reprogram a somatic cell nucleus that has been transferred into an oocyte [22, 23] . The mouse embryonic genome is already activated at the two-cell stage [24] . One key factor for the control of early embryonic development is the transcription factor POU5F1 (OCT4). The fertilized mouse oocyte and early cleavage stages contain residual maternal Pou5f1 mRNA. Embryonic Pou5f1 expression is initiated at the 4-to 8-cell stage [25] . Pou5f1 seems to be required in blastomeres throughout all preimplantation stages to maintain pluripotency [26] . The histone variant H3F3A can replace histone H3 and, thus, epigenetically mark chromatin. It shows an asymmetric distribution between male and female pronucleus in the mouse zygote and is present in the nuclei of all preimplantation stages up to the blastocyst [27] .
It becomes increasingly clear that average expression data from apparently homogenous cell populations provide an incomplete picture [28, 29] . To better understand epigenetic genome reprogramming during preimplantation development, we have studied the expression of the aforementioned key genes in early mouse embryos and, in particular, the extent to which the expression patterns differ among individual blastomeres.
MATERIALS AND METHODS

Embryo and Blastomere Preparation
Mouse experiments were approved by the committee for animal experimentation at Mainz University School of Medicine and were performed in accordance with the European Union normative for care and use of experimental animals. Six-to eight-wk-old female C57BL6/J mice were superovulated by intraperitoneal injection of 7.5 IU of eCG (Intervet, Unterschleissheim, Germany) and 44-48 h later by injection of 7.5 IU of hCG (Intervet) and were mated with C57BL6/ J males. Embryos of 1-cell, 2-cell, 4-cell, and 16-cell stages were flushed from the oviducts at 10-12 h, 33 h, 41 h, and 60 h after fertilization, respectively [30] . Only ''high quality'' embryos (by morphological criteria) were used for further analysis. Embryos with developmental delay or signs of fragmentation were discarded. For the isolation of individual blastomeres, 16-cell embryos were washed in calcium-and magnesium-free PBS containing 1% polyvinylpyrrolidone (PVP) and then incubated in acid Tyrode solution (pH 2.3; Sigma-Aldrich, Steinheim, Germany) for about 10 sec at 378C. When thinning of the zona pellucida was observed, the embryos were transferred into a drop of fresh PBS-PVP, and the residual zona was removed by gentle pipetting with a glass micropipette. Zona-free embryos were flushed with PBS-PVP and then incubated in a new drop of PBS-PVP for 5 min at 378C. Disaggregation of blastomeres was achieved by up-and-down pipetting with a flame-polished glass micropipette. Blastomeres were collected in a 15-ll drop of PBS medium at 378C [31] .
Primer Design
The Primer3 program (http://primer3.sourceforge.net/ ) [32] was used for designing the oligonucleotide primers (Chart 1) for multiplex RT-PCR. Primers of different genes must have similar melting temperature (T m ) (mean 6 SD, 608C 6 18C); the other physical parameters of the oligonucleotides were according to the standard settings of Primer3. An iterative process was used to check the primers gene by gene for multiplex compatibility using the mispriming parameters of Primer3. A final examination was performed by experimental verification. The resulting gene products ranged across at least one intron to distinguish RNA-derived products from those derived from genomic DNA. The size range of the RNA-derived products was between 100 and 300 bp. The gene products generated with the same primer mixture differed at least 5% in length from each other to distinguish them by gel electrophoresis. The primer pair for Dnmt1 amplifies both the somatic and oocyte-specific isoforms. Two primer pairs were designed to amplify different regions from Dnmt3a, and three primer pairs were designed for Dnmt3b. The combination of PCR products of a particular cell allowed us to distinguish two Dnmt3a and four Dnmt3b isoforms.
SINGLE-BLASTOMERE MULTIPLEX RT-PCR
RT-PCR on AmpliGrid Chips
Individual preimplantation embryos or individual blastomeres were transferred in approximately 0.3 ll of PBS each onto an AmpliGrid AG480F slide (Advalytix, Munich, Germany). This is a glass chip with a surface structure for the specific positioning of 1 ll on each of 48 discrete reaction sites (Fig. 1) . The RT was performed with RT primer mixture (Table 1) at a final primer concentration of 0.3 lM each using buffer and polymerases of the OneStep RT-PCR kit (Qiagen, Hilden, Germany). The Q solution was used at 1-fold concentration. The RT reaction was performed in a 1-ll volume on the AmpliGrid at 608C for 30 min on a preheated slide cycler. The subsequent PCRs were performed using one fourth of the RT product (1 ll of a 1:4 dilution of the RT mix in water) as template. Template cDNA was evaporated to dryness on two different reaction sites of a second AmpliGrid. The two PCRs were performed with the Qiagen multiplex PCR kit and primer mixture one or two. A master mix with all buffer substances, Taq polymerase, and PCR primer mixture one or two at a final primer concentration of 0.3 lM each was prepared according to the manual accompanying the kit. The Q solution was used at 0.3-fold concentration. One microliter each of master mix 1 and master mix 2 was applied to the two different reaction sites with the template and covered with 5 ll of sealing solution. The PCR was performed on a slide cycler with an initial denaturation step of 958C for 10 min and 40 cycles of 948C for 30 sec, 608C for 60 sec, and 728C for 60 sec, and a final 10-min extension step at 728C.
To demonstrate the sensitivity of our assay, we amplified a 308-bp fragment from an RNA dilution series with 1000, 100, 10, one, and no copies of pAW109 RNA using the GeneAmp RNA PCR control kit (Applied Biosystems, Foster City, CA) and primers DM151 and DM152. In addition, we amplified gene-specific 183-bp (Apex1), 241-bp (Lig1), 116-bp (Lig3), and 291-bp (Mbd2) fragments from RNA dilution series of Apex1, Lig1, Lig3, and Mbd2 using primer pairs Apex1 1blþr, Lig1 1clþr, Lig3 1flþr, and Mbd2 1elþr, respectively (Chart 1). RNAs were produced by in vitro transcription (IVT) of cDNA clones IRAVp968F08125D (Apex1), IRAVp968B1152D (Lig1), IMAGp998G1814414Q (Lig3), and IRAVp968H0390D (Mbd2) (ImaGenes, Berlin, Germany) using the SP6/T7 transcription kit (Roche, Basel, Switzerland). RNA concentration was determined using a NanoDrop spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). After calculation of the molecular weight of the in vitro-produced RNA molecule, the number of RNA copies in the IVT reaction was calculated. The RT-PCR was performed on the AmpliGrid as already described.
Standard 8% PAGE in Tris-borate-EDTA buffer was used for product analysis. The minigel (10 3 8 3 0.1 cm) electrophoresis was run at 120 V for 45 min. The bands on the gel were stained for 5 min with 1% silver nitrate solution, washed for 20 sec with water, and developed for 5-10 min with 0.1% alcalic formalin solution (dissolve 3 drops of NaOH in 50 ml of H 2 O and add 150 ll of 37% formalin solution). Gel documentation was performed using a standard digital camera system on a white-light dish.
Quantitative Real-Time RT-PCR
Quantitative real-time RT-PCR (Q PCR) was used for expression analyses of individual genes in single cells. The RT of individual blastomeres was performed with primers Pou5f1 1cr, Dnmt3l 1fr, and Lig3 1fr. One microliter each of the 1:4 diluted RT reaction product was then added to wells of a microtiter plate containing primer pairs Pou5f1 1clþr, Dnmt3l 1flþr, or Lig3 1flþr (Chart 1) at a concentration of 0.6 lM. The QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany) does not allow multiplex reactions. Therefore, with the same starting material (one fourth of the RT product per PCR) only four genes can be analyzed in a single cell by Q PCR using the Applied Biosystems 7500 Fast Real-Time PCR detection system. The QuantiTect SYBR Green PCR Master Mix contains 2.5 mM MgCl 2 . The PCR was performed with one denaturation cycle at 958C for 15 min and 40 amplification cycles at 948C for 15 sec, 608C for 30 sec, and 728C for 30 sec. The PCR products were quantified by generating a melting curve (608C-958C) with continuous fluorescence measurement. The cycle number at which a fluorescent signal rises above background (C t value) was determined for each transcript in each individual cell. The mean C t value of approximately 50 analyzed individual cells was used for relative quantification of gene expression.
Whole-Mount Immunofluorescence Staining
Mouse monoclonal antibody (IMG-268) against the C-terminus (amino acids 705-908) of mouse DNMT3A was purchased from Imgenex (San Diego, CA), mouse monoclonal antibody (NB100-116) against human APEX1 from Novus Biologicals (Littleton, CO), mouse monoclonal antibody (MS-669-P0) against human POLB from NeoMarkers (Fremont, CA), and goat polyclonal antibodies (sc-9402) against the C-terminus of human MBD3 from Santa Cruz Biotechnology (Santa Cruz, CA). Texas red-labeled goat anti-mouse IgG (sc-2781) and fluorescein isothiocyanate (FITC)-labeled donkey anti-goat IgG (sc-2024) antibodies were from Santa Cruz Biotechnology.
For immunofluorescence staining of late morula-stage embryos, the zona pellucida was removed with acidic Tyrode solution. The embryos were fixed 196 for 15 min with 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS for 15 min at room temperature. They were then blocked overnight at 48C in 1% BSA, 0.1% Triton X-100, and 1.5% goat or donkey serum. After blocking, the embryos were incubated with primary antibody (diluted in blocking solution according to the recommendations of the supplier) against DNMT3A, MBD3, APEX1, or POLB at room temperature for 2 h. The embryos were then washed several times with PBS and incubated for 1 h with fluorescent-labeled secondary antibodies. After three further washes with PBS, the embryos were placed on slides and mounted with a small drop of Vectashield mounting medium containing 0.1% 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) (Tris-like) (Vector Laboratories, Burlingame, CA).
Images were taken using a Leica (Wetzler, Germany) epifluorescence microscope with a Peltier-cooled charge-coupled device camera (Leica DC 350F) controlled by a personal computer. The grey-scaled source images were captured separately, pseudocolored, and merged using Leica CW 4000 fluorescense in situ hybridization imaging software. In all control experiments in which the first antibody (against DNMT3A, MBD3, APEX1, or POLB) was omitted, morula-stage blastomeres always displayed absence of immunofluorescence staining.
Statistical Analysis
Fisher exact test was used to compare the abundances of gene products within morula-stage embryos and individual morula blastomeres. P , 0.05 was considered significant.
We used a Bayesian approach to test whether there are genes showing differential expression across the cells of a morula. Using gene x as an example, the number of cells in which x is present follows a binomial distribution Bayesian(n,P), where n represents the number of all cells under consideration; and P, the probability of being expressed. If x is not differentially expressed across cells, then P ¼ 0.0 or P ¼ 1.0. Assuming a measurement error of 20% false positives or 20% false negatives, we accept P , 0.2 and P . 0.8 as nondifferentially expressed. Because we have no prior information about the true P value, we start with a flat prior for P, P prior ;uniform(0,1). Counting the n0 absences and the n1 and the presences of x (n0 þ n1 ¼ n) the posterior for P becomes a beta distribution with shape parameters n0 and n1, P post ;beta(n0,n1). We report the ratio P(
as a measure for differential expression. The smaller the ratio is, the stronger the support for differential expression.
We also explored if the single-cell expression patterns of individual embryos fall into distinct groups. For each morula and each RNA, the relative abundance of cells from a given embryo expressing the respective RNA was calculated. Therefore, each morula is represented by a 15-dimensional (there were 15 RNA populations tested) real-valued vector. We performed a principal components analysis to obtain improved visualization. Morula eight was a complete dropout and was excluded from further analysis. This was because only one expressing cell was obtained from this embryo (Supplemental Table 1 and all other supplemental data are available at www.biolreprod.org). A 2-means clustering algorithm was run on the remaining 11 data points, resulting in a clear separation.
RESULTS
Assay Design and Validation
We have developed a multiplex RT-PCR assay for DNA and chromatin modification genes that has the sensitivity required for single-cell analysis. It uses a commercially available microfluidic chip with discrete reaction sites for RT and subsequent multiplex PCRs (Fig. 1) . The multiplex primer set (Chart 1) allows the simultaneous analysis of the DNA methyltransferases Dnmt1, Dnmt3a (isoforms 1 and 2), Dnmt3b (isoforms 1-4), and Dnmt3l; the methylcytosine
Critical to the application of blastomere and single-embryo analysis is the selection of an appropriate reference gene. Therefore, we tested the expression of several commonly used reference genes, including Gapdh, Hist3h2a, H3f3a, and Rn18s (18S RNA) in mouse 1-cell, 2-cell, 4-cell, and 16-cell embryos and found H3f3a to be the most stable gene (data not shown). The RT-PCR on AmpliGrid chips produced H3f3a bands of comparable intensity in essentially all examined individual embryos. The histone variant H3f3a is an ubiquitously and cell-cycle independently expressed gene that has been used as internal control for RT-PCR experiments in different tissues [33, 34] . For multiplex analysis, the RT reaction was performed with the entire RT primer mix (Table  1) . To facilitate the resolution of gene products on minigels, the PCR was performed in two different reactions, each amplifying products of the reference gene H3f3a and eight study genes/ isoforms. One fourth to one fifth of the RT product generated in the first reaction was sufficient as starting material for subsequent multiplex PCR. Therefore, AmpliGrid technology allows one to analyze the expression of approximately 40 different gene products in a single cell or embryo.
Before single-embryo analysis, the multiplex primer set was validated with 10 independent RT-PCRs using 200 pg each of total RNA from C57BL6/J mouse embryos at 11.5 days postcoitum. For comparison, a mouse zygote is estimated to contain 350-550 pg of total RNA [30] . Thirteen of 17 tested primer pairs generated gene products in nine or 10 of 10 trials. The primer pairs for Mbd4 and Dnmt3b 3p gave products in five to eight trials, and those for Dnmt3b 1b and Dnmt3l gave products in two to five trials (data not shown). It is not unexpected that the mRNA levels of some genes/isoforms that are preferentially expressed in pluripotent cells are very low in embryos at 11.5 days postcoitum. To test the sensitivity of our assay, we first amplified a 308-bp fragment from pAW109 RNA, a commercially available control RNA. For interpretation of the AmpliGrid results, it is critical that different primer pairs in our customized multiplex have the same limit of sensitivity. Therefore, we generated RNAs of four of our study genes by IVT of Apex1, Lig1, Lig3, and Mbd2 cDNA clones. Different numbers of RT-PCRs were performed with 1000, 100, 10, one, and no RNA molecules. A gene-specific product was detected in all trials with 1000 or 100 RNA copies, in 68%-89% (mean 6 SD, 78.6% 6 7.3%) of trials with 10 copies, and in 4%-24% (mean 6 SD, 14.2% 6 6.9%) of trials with one copy ( Table 2 ). The water controls were always negative. When working with limiting dilution (on average, one copy per reaction), approximately 30% of the reactions may not contain an RNA molecule, whereas another 30% may contain two or more RNA molecules. Therefore, the detection rate with one or two RNA copies is around 20%, with 10 copies is around 80%, and with 100 or more copies is 100%. To simplify matters, we conclude that as few as 10 transcripts can be reliably detected using AmpliGrid technology.
Expression Analysis of Individual Embryos
We have studied expression of our gene set in at least 20 individual embryos each of 1-cell, 2-cell, 4-cell, and 16-cell stages. The reference gene H3f3a, the pluripotency gene Pou5f1, the DNA methyltransferase Dnmt1, the mC-binding protein Mbd3, and the BER genes Apex1, Polb, and Lig3 were expressed in essentially all embryos from zygote to morula stage, indicating embryonic activation of gene expression during preimplantation development (Fig. 2) . Mbd1 and Mbd4 [17] . Isoforms of de novo methyltransferase Dnmt3a were expressed in 30%-60% of embryos from zygote to morula stage. Dnmt3a isoform 1 was reported to be more or less ubiquitously expressed at low levels, whereas the shorter Dnmt3a isoform 2 is preferentially expressed in embryonal stem (ES) cells and tissues undergoing de novo methylation [10] . Only isoform 4 of de novo methyltransferase Dnmt3b, which lacks the catalytic domain, was found to be expressed during mouse preimplantation development in 30%-80% of embryos. Neither Dnmt3b isoform 1 (with transmethylation domain), which is known to be enriched in mouse ES cells, nor the somatic isoforms 2 (with transmethylation domain) and 3 (without transmethylation domain) were found to be expressed postzygotically. Maternal Dnmt3b isoform 3 transcripts were detected in 10% of zygotes.
Single-Blastomere Analysis
To demonstrate the usefulness of our assay for single-cell analysis, we determined the expression profiles of 118 individual blastomeres from 12 independent 16-cell embryos. Seventeen cells (14%) that did not give any RT-PCR product were excluded from further analysis. Although we cannot exclude the formal possibility that these cells do not express any of the 17 tested genes/isoforms, the complete absence of detectable transcripts is more likely due to technical artifacts (i.e., loss of the cell during preparation or a pipetting error).
It is not unexpected that the expression pattern of the ''average'' blastomere (Fig. 3A) based on analysis of 101 single cells (Supplemental Table 1 ) was similar to that of whole embryos of the same developmental stage (Fig. 2, white bars) . The mRNAs for H3f3a and Pou5f1 were detected in essentially all analyzed blastomeres from mouse 16-cell embryos. However, there were also statistically significant (using Fisher exact test) expression differences between individual blastomeres and whole embryos. Dnmt1 (P ¼ 0.004), Mbd3 (P , 0.001), Apex1 (P ¼ 0.007), Polb (P ¼ 0.013), and Lig3 (P ¼ 0.001) mRNAs were detected in all analyzed 16-cell embryos but in only 60%-80% of blastomeres. Dnmt3l (P , 0.001) was detected in approximately 80% of the embryos and 40% of the blastomeres. The percentage of Dnmt3l-expressing cells in individual embryos ranged from 0% to 75% (Supplemental Table 1 ). The discrepancies between 16-cell embryos and blastomeres are due to the fact that expression of a particular gene in only one or two cells of an individual embryo is sufficient to generate an RNA-derived product from this embryo in a single-embryo analysis.
Our results clearly demonstrate that the expression of DNA and chromatin modification genes can vary among cells at the same stage of preimplantation development. Using a Bayesian approach (for details, see Materials and Methods), there is strong support for differential expression of Dnmt3b isoform 4 (ratio score, 9.16 3 10 À9 ), Dnmt3l (ratio score, 4.16 3 10 À5 ), Lig3 (ratio score, 4.17 3 10 À5 ), Dnmt3a isoform 1 (ratio score, 0.0001), Lig1 (ratio score, 0.0011), and Mbd3 (ratio score, 0.0022) across morula blastomeres. For example, for Dnmt3a isoform 1, it is 10 000 times more likely that the true P ranges within (0.2,0.8) than not. There is weak support for differential expression of Dnmt1 (ratio score, 0.045), Dnmt3a isoform 2 (ratio score, 0.279), and Apex1 (ratio score, 0.924). Our data do not support differential expression of Mbd1 (ratio score, 25), Mbd2 (ratio score, 390727), Mbd4 (ratio score, 2.1), and Polb (ratio score, 3.2). Of course, this is also true for Dnmt3b isoforms 1-3, which are almost never detectable in blastomeres, as well as for Pou5f1 and H3f3a, which are expressed in essentially all blastomeres.
Population analysis of gene expression in individual blastomeres is certainly more informative than expression profiling of the entire embryo. We can distinguish two different types of mouse 16-cell embryos based on their blastomere expression patterns. The embryo in Figure 3B (morula m5 in Fig. 4) expresses Dnmt1, Dnmt3a, Dnmt3b isoform 4, Mbd3, and BER genes in most or all of its individual cells. In contrast, the embryo in Figure 3C (m10 in Fig. 4 ) contains few cells expressing these DNA and chromatin modification genes. Only one of 12 analyzed cells from this embryo showed detectable mRNA levels for a de novo methyltransferase. Principal component analysis of the single-cell expression profiles of 11 morulae revealed a clear separation of 16-cell embryos (m1-m6) expressing the reprogramming machinery in most cells vs. embryos (m7 and m9-m12) that do not (Fig. 4) . This clustering supports our view that the analyzed embryos fall into two distinct groups. However, additional experiments and larger data sets are required to definitively exclude the possibility that there is a continuum of expression profiles among embryos.
The RT-PCR is considered to be the most sensitive technique for mRNA detection and quantification that is 198 available. Therefore, we compared the sensitivity of our microfluidic chip-based multiplex assay with that of Q PCR of three individual genes. Expression of Pou5f1, Dnmt3l, and Lig3 was analyzed by Q PCR in more than 50 blastomeres each. For Pou5f1, 52 of 54 analyzed cells (96%) gave an amplification product. The mean 6 SD C t value was 33.8 6 2.2, and the mean 6 SD T m was 82.98C 6 0.38C. Four of 54 analyzed blastomeres (7%) were positive for Dnmt3l (mean 6 SD C t ¼ 36.3 6 0.6; mean 6 SD T m ¼ 83.48C 6 0.38C), and eight of 53 blastomeres (15%) yielded products for Lig3 (mean 6 SD C t ¼ 36.8 6 1.75; mean 6 SD T m ¼ 81.08C 6 0.28C). The higher mean C t values for Dnmt3l and Lig3 indicate fewer starting molecules (transcripts) in the Q PCR compared with Pou5f1. Our AmpliGrid assay showed 100% of blastomeres expressing Pou5f1, 63% expressing Lig3, and 37% expressing Dnmt3l. For qualitative measurements, AmpliGrid technology is at least as sensitive as single-cell Q PCR.
To test whether mRNA expression of a specific gene in 16-cell embryo blastomeres correlates with gene activity in later preimplantation stages, we performed immunofluorescence staining of the corresponding proteins in 40-to 60-cell embryos. A monoclonal antibody against both isoforms of mouse DNMT3A produced a punctate nuclear staining largely excluding heterochromatic chromocenters in 110 of 168 analyzed late morula-stage blastomeres (66%) (Fig. 5A) . The percentages of DNMT3A-positive nuclei in the five analyzed embryos were 47%, 62%, 70%, 92%, and 95%. This is consistent with our observation that 35% of 16-cell blastomeres express Dnmt3a isoform 1 mRNA and/or that 25% express Dnmt3a isoform 2 mRNA (Fig. 3A) . Polyclonal antibodies against human MBD3 stained all (106 of 106 analyzed) nuclei of three different embryos but with somewhat variable intensity. In general, the DAPI-positive heterochromatin exhibited brighter immunofluorescence than the euchromatic remainder of the nucleus (Fig. 5B) . By single-cell expression analysis, 68% of blastomeres from 16-cell embryos showed detectable Mbd3 transcripts. A monoclonal antibody against human APEX1 stained cytoplasm and nucleus of morula-stage blastomeres (data not shown). Because the cytoplasmic staining may represent unspecific background, only 99 of 
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106 analyzed blastomeres (93%) with stronger (than cytoplasmic background) homogeneous nuclear staining were considered to contain functional (nuclear) APEX1 protein. Two morulae exhibited 79% and 89% APEX1-positive nuclei, whereas three morulae stained positively in all their nuclei. By comparison, 79% of 16-cell blastomeres contained detectable Apex1 mRNA levels (Fig. 3A) . A monoclonal antibody against human POLB produced weak cytoplasmic and homogeneous nuclear staining in late morula-stage embryos (data not shown). Altogether, 106 of 109 analyzed blastomere nuclei (97%) were POLB positive. Polb transcripts were detected in 81% of 16-cell blastomeres.
DISCUSSION
There is an increasing requirement for expression analyses at the single-cell level (i.e., individual micromanipulated cells and rare cells isolated by cell sorting or laser capture from larger cell populations or tissues). Individual cells in an early embryo are the fundamental units for restoring pluripotency during cleavage divisions. Because molecular events (i.e., activation of a particular gene) may display large cell-to-cell variations, a better understanding of the reprogramming process requires expression analyses at the single-blastomere level. Several studies [35] [36] [37] [38] [39] [40] have used Q PCR for quantification of gene expression in individual preimplantation embryos; however, single-cell analysis pushes the limits of the technique. With the notable exception of oocytes that contain large amounts of residual maternal mRNAs, quantification of gene expression in individual embryonic cells by RT-PCR remains difficult [35] [36] [37] [38] [39] [40] . Only a few genes and cells can be analyzed by semi-Q PCR in a reasonable time frame. On the other hand, different protocols have been published for genome-wide expression profiling of single cells on oligonucleotide microarrays claiming that exponential or multiple round linear cDNA amplification from single cells does not change the relative ratios of individual transcripts [41] [42] [43] . Global RT-PCR procedures can yield micrograms of cDNA from single cells or embryos, allowing quantitative expression analyses of an almost unlimited number of genes. Although studies [44, 45] using this global strategy have demonstrated biological variation between individual embryos, quantitative expression data were only provided for a few genes. Multiple displacement amplification (MDA) with phi29 polymerase is isothermal and not based on PCR. It arguably is the most reliable and efficient method for whole-genome amplification [46] . It has been used for genome amplification of single sperm [47] and single blastomeres [48] . With some modifications, MDA can also be used for unbiased amplification of cDNA [49] . Even when single-cell cDNA representation and sensitivity are made possible using different amplification strategies, microarray analyses are time-consuming and expensive and, therefore, are not suitable for rapidly screening large numbers of individual cells. AmpliGrid technology does not require amplification of the single-cell transcriptome. It makes use of RT of a single cell in a 1-ll reaction and subsequent 1-ll multiplex PCRs of a cDNA dilution. The RT product generated from a single cell is sufficient for a qualitative readout of approximately 40 different genes/transcripts of interest in four to five multiplex PCRs. The most time-consuming step is designing and testing the oligonucleotide primers for multiplex RT-PCR. Once established, our assay has the advantage of speed, high throughput, and accuracy, using only standard laboratory equipment. One obvious application is the validation of results obtained from microarray analyses and other genome-wide techniques in a larger number of individual cells.
Herein, we have analyzed the expression of 17 developmentally important genes/isoforms in individual mouse embryos and embryonal cells. Our results are consistent with previous studies [50, 51] showing that Dnmt1, Dnmt3a, Dnmt3b, and Dnmt3l are expressed during early development. The observed expression patterns promote the idea that Dnmt1 and Dnmt3a encode the enzymatic activity for DNA methylation during mouse preimplantation development and may be stimulated by co-expression of Dnmt3b isoform 4 and Dnmt3l. However, in this context it is important to emphasize that mRNA expression does not necessarily correlate with functional activity. Although Dnmt1 transcripts are present throughout all preimplantation stages, DNMT1 protein is retained in the cytoplasm, which prevents its methyltransferase activity. Nuclear localization is only seen in eight-cell embryos but not in other preimplantation stages [52, 53] . Our results also support the conclusion that Mbd2 and Mbd3 have distinct roles in early mouse development. Mbd3 is expressed and is essential in early embryogenesis, whereas Mbd2 expression 200 starts only at the blastocyst stage, and Mbd2 À/À mice are viable [54, 55] . Our observation that Apex1, Polb, and Lig3 are expressed throughout all preimplantation stages argues in favor of the notion that BER is required for embryo development. This is consistent with the observation that homozygous mutants for these BER genes die during embryo development [56] [57] [58] . More published information on mRNA and/or protein expression of our study genes in mouse preimplantation embryos and on the phenotype of knockout mice can be found in Supplemental Tables 2 and 3 .
Our assay has the reliability and sensitivity for single-cell expression analysis. The histone variant H3f3a and the transcription factor Pou5f1 produced detectable RNA-derived products in all analyzed preimplantation embryos and, therefore, can serve as positive controls. The fact that Pou5f1 becomes consistently expressed in all morula blastomeres indicates a uniform reactivation of pluripotency during preimplantation development. It has been described previously that embryonic Pou5f1 mRNA expression is initiated in the mouse at the four-to eight-cell stage, concomitant with nuclear localization of the protein, implying biological activity [25] . In contrast to H3f3a and Pou5f1, mRNA expression of DNA and chromatin modification genes varied considerably between individual cells from the same embryo and even more dramatically between cell populations from different embryos. One plausible explanation for this cell-to-cell variability may be the engagement in different cell cycle phases, cellular functions, and/or reprogramming states. In addition, when the embryonic genome is reprogrammed during preimplantation development, each nucleus may be probabilistic to a certain extent in its reactivation of gene expression. However, despite the probabilistic nature of gene expression in individual cells [28, 29] and the considerable experimental noise of single-cell analyses, it is noteworthy that by expression profiling of individual blastomeres we can easily distinguish 16-cell embryos that consistently express Mbd3, DNMT, and BER genes in most of their cells and embryos in which these genes have not yet been activated in most cells. It is tempting to speculate that embryos with a higher percentage of cells expressing the reprogramming machinery have a higher potential for development.
Although our assay yields only qualitative data, it can provide meaningful expression profiles of individual embryos and blastomeres. Different primer pairs in our RT-PCR multiplex that have the same limit of sensitivity in RNA dilution series showed widely variable results between individual blastomeres or embryos. For example, Mbd2 was detected in approximately 10%, Lig1 in approximately 50%, and Lig3 and Apex1 in 100% of 16-cell embryos. Therefore, we conclude that the variability in expression between blastomeres or embryos of the same developmental stage is genuine. In control experiments, 100 transcripts of a given gene always produced a positive output and 10 RNA copies in about 80% of the trials. Therefore, when a specific mRNA band is scored as present in our assay, the analyzed cell or embryo is likely to contain at least 10 RNA copies. When the corresponding band is absent, the gene of interest is not transcribed or may be transcribed at very low levels (,10 RNA copies). Inevitably, the presence or absence of a particular band in a given cell or embryo is also affected by technical limitations, experimental variability, and stochastic processes. However, consistent with previous studies [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] in different species, our experiments strongly suggest that the observed heterogeneity among blastomeres or embryos is not simply a methodological artifact but a real biological phenomenon. The AmpliGrid expression profile allows conclusions about which study genes are expressed in an individual blastomere or embryo and which are not.
Many studies on early mammalian embryogenesis may be flawed because the pooling of samples can mask even dramatic modulations of gene expression in individual cells or embryos. We propose that AmpliGrid technology is powerful to assay relative expression and variability of expression of cells and embryos. Totipotency is restored in embryonal cells after fertilization, and within a few cell divisions these totipotent cells become committed to particular lineages. Similar processes may occur during in vitro differentiation of pluripotent stem cells. Characterization of the underlying molecular events requires systematic examination of gene expression profiles in individual cells. So far, no clear picture has emerged about which genes are consistently expressed or misexpressed in embryos with high or low developmental potential. To identify and validate such marker genes, it is useful to compare individual expression profiles of in vivo, in vitro-produced, and somatic cell nuclear transfer embryos. In vitro maturation, superovulation, cryopreservation, in vitro fertilization, intracytoplasmatic sperm injection, embryo culture, and nuclear transfer all occur during sensitive time periods for epigenetic genome reprogramming, interfering with or even bypassing essential steps of gametogenesis and early embryogenesis. Although assisted reproductive technologies are widely applied in animals and humans, their effects on gene expression in individual embryos have not been systematically analyzed. Improving human infertility treatment and the in vitro production of animals requires a better knowledge about the inherent cell-to-cell variability of gene expression in early embryos and the extrinsic variations due to manipulation of germ cells and/or embryos. Expression profiling of individual embryos or blastomeres is a valuable research tool. Global RT-PCR methods combined with oligonucleotide arrays allow genome-wide expression analyses for the generation of hypotheses. The much faster and cheaper AmpliGrid technology is most useful for expression analyses of defined subsets of genes in a large number of individual cells or embryos. With increasing information about the expression of developmentally important genes in early embryos, expression analysis of one or two blastomeres from biopsied embryos may even prove useful for embryo quality assessment in assisted reproductive technologies.
